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Dispersion Overrides Environmental
Variability as a Primary Driver of the
Horizontal Assemblage Structure
of the Mesopelagic Fish Family
Myctophidae in the Northern Gulf
of Mexico
Rosanna J. Milligan* and Tracey T. Sutton
Halmos College of Natural Sciences and Oceanography, Nova Southeastern University, Dania Beach, FL, United States
The lanternfishes (Myctophidae) are a highly speciose, globally-distributed family of
fishes that constitute a dominant component of the global pelagic fauna. As a vertically-
migrating taxon of oceanic micronekton, myctophids play vital ecological roles in the
biological carbon pump and as an important prey group for several commercially-
important species. However, our knowledge of the ecology of this taxon remains
incomplete, and as anthropogenic impacts continue to develop and extend into deeper
waters, there is a clear need for a better understanding of its ecological role and
assemblage dynamics. The aim of the present study was to examine the distribution
patterns of the myctophid assemblage within a 200 km × 700 km grid of the northern
Gulf of Mexico (GoM) in relation to major mesoscale hydrographic features. The 22
dominant myctophid species (>0.05% by relative abundance) were analyzed from a
total of 302 trawl samples collected between January and September 2011, from 0
to 1000 m depth. Redundancy analysis (RDA) indicated that measured environmental
variables and spatial patterning explained an average of 12% (range: 0–27%) of the
observed variance in the myctophid assemblage. Distance-based Moran’s Eigenvector
Mapping (dbMEM) and trend analysis (RDA) indicated limited significant spatial
coherence within the assemblage at the scales considered. Local contribution to beta
diversity scores corroborated these findings, indicating that the majority of samples
were not significantly different from the mean assemblage structure. Taken together,
these results suggest that the myctophid assemblage in the northern GoM is well-
mixed and highly dispersed at the sub-basin scale (at least), likely the result of the
interaction between vertical migration and depth-specific lateral advection. Findings
such as these inform our approach to assessing impacts in a large, dynamic, pelagic
ecosystems. It is essential to know over what spatial scales assessments of pelagic
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faunal impacts, and potential recoveries, must be based. In cases of large, spatially
integrated pelagic assemblages, high dispersal rates may serve to either ameliorate the
effects of a disturbance through immigration or spread the effects across a wider spatial
area than the disturbance phenomenon footprint itself.
Keywords: beta diversity, deep sea, micronekton, Myctophidae, spatial analysis
INTRODUCTION
Understanding how biodiversity is structured within ecosystems
can provide insight into both the natural variability and
functioning of those ecosystems and their stability in the face
of natural or anthropogenic disturbance (e.g., Tilman et al.,
2014). Nonetheless, there are significant gaps in our knowledge
of many ecosystems, which can hinder our ability to predict
future changes. This is especially true of the deep-pelagic realm,
which has historically received relatively little scientific attention
(Webb et al., 2010) and yet is likely to provide a wide range
of essential ecosystem functions and services that are of global
importance (e.g., Gjosaeter and Kawaguchi, 1980; Robinson et al.,
2010; St. John et al., 2016).
One pelagic taxon of particular ecological interest is the
Myctophidae, which is a highly speciose and globally-distributed
family of fishes containing 251 recognized species from 32 genera
(Fricke et al., 2019). Like much of the mesopelagic fauna, almost
all myctophid species undertake diel vertical migrations (DVMs).
While DVM behaviors are influenced by species identity, life-
history stage, and environmental variables, the most common
migratory pattern for myctophids involves individuals remaining
at mesopelagic depths (c. 200–1000 m) during the day to avoid
predation, and then migrating to epipelagic depths (c. 0–200 m)
at night to feed (e.g., Gjosaeter and Kawaguchi, 1980; Sutton,
2013). DVM behaviors directly facilitate the active transport of
carbon from the surface ocean to depth (e.g., Robinson et al.,
2010), suggesting that myctophids and other migratory animals
may play important roles in pelagic biogeochemical cycling and
climate regulation. Similarly, myctophids are an important food
source for numerous predators, including commercially-valuable
and deep-living fish species, marine mammals and seabirds (e.g.,
Sutton and Hopkins, 1996; Beamish et al., 1999; Pusineri et al.,
2008), and create important trophic connections between open
oceans and terrestrial, coastal, and seafloor ecosystems. When
one considers that the mesopelagic realm contains by far the
highest biomass of fish on the planet (Kaartvedt et al., 2012;
Irigoien et al., 2014) and that myctophids are once again being
considered as a potential fishery resource (St. John et al., 2016),
the importance of better understanding the spatial and temporal
dynamics of these fishes is clear.
In recent years, there has been growing interest in identifying
ecologically-meaningful predictors of deep-pelagic community
structure, particularly in relation to mesoscale oceanographic
features (i.e., those that occur over 10s to 100s of kilometers).
The Gulf of Mexico (GoM) is a particularly interesting location
to study mesoscale processes of deep-pelagic fishes, as it harbors
an especially diverse myctophid assemblage (Gartner et al., 1987;
Biggs and Ressler, 2001), as well as a number of relatively well-
defined mesoscale oceanographic features of potential biological
importance. The offshore GoM also has the potential to be
heavily impacted by human activities, as was highlighted by the
Deepwater Horizon oil spill in 2010, and there is therefore an
urgent need to better understand the natural drivers of offshore,
pelagic fauna to predict their effects on pelagic ecosystems in the
future and how they may interact with anthropogenic impacts.
One of the major mesoscale oceanographic features
influencing the upper circulation (<1000 m) of the GoM is
the loop current (LC) and its associated eddies. The LC enters
the GoM through the Yucatan Channel in the south, bringing
warm, saline subtropical underwater (STUW; Rivas et al., 2005)
into the GoM before exiting to the NW Atlantic through the
Florida Straits (c. 750 m maximum depth). Anti-cyclonic Loop
Current Eddies (LCEs) are formed from northward intrusions of
the LC into the GoM, and are typically large (100s of kilometers
in diameter), downwelling features associated with low surface
productivity that generally persist for several months or years,
and may extend to depths of several 100 m (e.g., Elliott, 1982;
Biggs, 1992; Oey et al., 2003). LCEs can be identified within the
GoM as regions of high sea surface height anomalies (SSHA; e.g.,
Zimmerman and Biggs, 1999; Jochens and DiMarco, 2008), and
from temperature-salinity and temperature-depth profiles, where
STUW is warmer than the surrounding water mass types below
c. 200 m (Herring, 2010; Johnston et al., 2019). Over time, LCEs
propagate westwards through the GoM, gradually mixing with
Gulf Common Water (GCW) as they age and decay (Vukovich,
2007). Upwelling cyclonic eddies (CEs) are relatively small (10s
km), transient (days–weeks) features that can form along the
boundaries of LCEs (Vukovich, 2007). In the northeast GoM,
cyclone-anticyclone confluences can draw productive coastal and
riverine waters offshore (Biggs and Muller-Karger, 1994; Biggs
and Ressler, 2001), usually following the summer rainy season
when river outflows are highest (Morey et al., 2003).
In this manner, LCEs have the potential to facilitate the
physical transport of fauna both between ocean basins, as well
as between coastal and offshore ecosystems (e.g., Olson, 1991).
However, they are also hypothesized to affect faunal distributions
through local influences on primary productivity, with LCEs
creating low-productivity regions, and CEs and riverine inputs
creating high productivity regions respectively. In an acoustic
study of the GoM, Zimmerman and Biggs (1999) reported
greater abundances of mesopelagic fauna within more productive
cyclonic eddies compared to less productive LCEs, and similar
observations have been made for anticyclonic eddies in the Pacific
Ocean (Barnett, 1984; Drazen et al., 2011). Similarly, Godo et al.
(2012) reported that higher faunal biomasses were associated
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with an anticyclonic eddy in the Norwegian Sea that contained
high-productivity coastal waters. To date, the effects of riverine
waters as transient regions of enhanced productivity have not
been studied for any offshore fauna in the GoM.
It is notable that most previous studies have focused on
patterns of abundance and biomass, and less is known about how
mesoscale features may influence biodiversity patterns within
regional basins (but see Potier et al., 2014; Olivar et al., 2016).
In the present study, we aim to determine the relative importance
of major mesoscale environmental features and spatial processes
on the beta diversity of myctophids, using data collected from
the upper 1000 m of the northern GoM between a continuous
January-to-September 2011 survey. For the present study, we
define beta diversity as the variation in assemblage composition
between samples following Legendre et al. (2005).
MATERIALS AND METHODS
Data Collection and Filtering
A 10-m2 Multiple Opening-Closing Net and Environmental
Sensing System (MOCNESS) was used to sample 46 locations
across the northern GoM during three consecutive sampling
campaigns conducted between January 2011 and September 2011
(Figures 1, 2) as part of the Offshore Nekton Sampling and
Analysis Program (ONSAP; Cook et al., unpublished). Each
campaign was designed to survey all stations over a period
of 3 months (January–March; April–June; July–September).
For the purposes of defining the spatiotemporal scales of
the analyses, each campaign was considered to be a replicate
survey of the northern GoM. The spatial extent was therefore
c. 200 km× 700 km with a spatial grain of c. 50 km and temporal
resolution of c. 3 months.
Each location was visited once per campaign, during which
two MOCNESS deployments were conducted, centered around
solar noon and midnight. Each deployment produced five depth-
stratified samples from 0 to 1500 m, with the depth ranges
chosen to reflect classical ecological divisions of the pelagic ocean
(Sutton, 2013) and the approximate depth (1000–1200 m) of the
deep-water oil plume observed after the Deepwater Horizon oil
spill (Camilli et al., 2010).
A number of quality filters were applied to the data to
reduce the effects of sampling errors and random noise. Firstly,
FIGURE 1 | Maps showing the satellite-derived log10 Chla concentrations across the GoM per month. Each point is a MOCNESS sample, colored according to the
SEPI values recorded by the MOCNESS sensors at the time of collection. White points indicate no MOCNESS sensor data were available. Chart datum: WGS84.
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FIGURE 2 | Maps showing satellite-derived, integrated SSHA data per month (from CMEMS). Contour lines mark 0.1 m intervals; 0 m is indicated by the solid line.
Each point is a MOCNESS sample, colored according to the TUM at the time of collection. White points indicate no MOCNESS sensor data were available. Chart
datum: WGS84.
only daytime samples collected from the upper (200–600 m)
and lower mesopelagic (600–1000 m), and night-time samples
from the epipelagic (0–200 m) were included in the analyses.
These depth strata contain the majority of the captured
myctophids, and reflects their DVM behaviors (Supplementary
Figure 1). Secondly, only myctophids identified to species level
were retained in the dataset. Finally, myctophid counts were
standardized by trawl volume (as recorded by the MOCNESS
sensors) and only those species comprising > 0.5% of the total
myctophid fauna were retained for further analysis.
To test the effects of mesoscale features on the myctophid
assemblage composition, six physical and chemical variables were
selected as indicators of either coastal and riverine inputs to
the GOM, or of anti-cyclonic LCEs (Table 1). Conceptually,
these spatial variables were considered to represent either
“static” spatial processes with no biologically-relevant temporal
component (e.g., distance from the 200 m isobath), or “dynamic”
spatial processes. The values of the dynamic processes at
a location represent effectively instantaneous measurements
[e.g., mean temperature in the upper mesopelagic (200–600 m;
TUM); minimum surface salinity (SEPI)], up to integrated
monthly measures [e.g., SSHA; chlorophyll a concentration
(Chla)]. Any samples for which MOCNESS sensor data were
unavailable were excluded from further analysis, which included
all samples collected in July 2011.
Community Analysis
The myctophid assemblage data were analyzed using three
separate analyses: redundancy analysis (RDA; following Legendre
and Legendre, 2012) to identify linear trends in assemblage
composition using the Cartesian co-ordinate data; RDA to
examine the effects of the mesoscale variables of interest
on assemblage composition (Table 1); and distance-based
Moran’s Eigenvector Maps to quantify spatial patterning
within the assemblage (dbMEM; Dray et al., 2006). These
three analyses were then followed by variance partitioning
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TABLE 1 | Environmental variables selected for inclusion in the multivariate analyses and their suggested interpretation.
Temporal Spatial
Variable Units Indicative of: resolution resolution Data product Source





1/120◦ The GEBCO_2014 Grid,
version 20141103
General Bathymetric Chart
of the Oceans (GEBCO),
http://www.gebco.net
Sea surface height anomaly
(SSHA)







200 and 600 m (TUM)
◦C Loop current and
associated eddies
Instantaneous <1 m In situ MOCNESS sensors
Min. surface salinity (SEPI) n/a Coastal runoff;
riverine input
Instantaneous <1 m In situ MOCNESS sensors
Mean Chl. a concentration
(Chla)
mg m−3 Surface productivity;
coastal runoff;
riverine input








(Peres-Neto et al., 2006) to quantify the relative effects of the
three sets of variables in shaping the myctophid beta diversity
across the northern GoM. These multivariate analyses are
particularly useful in that they allow spatial autocorrelation in
the environmental variables and assemblage data to be explicitly
accounted for Dormann et al. (2007) and partitioned within the
statistical framework, reducing the risk of type 1 errors when
determining the importance of the environmental conditions.
Data from each depth stratum and survey campaign were
analyzed separately. All analyses were conducted using R software
(R Core Team, 2018) and results were considered significant at
p < 0.05. Where significance was determined by permutation
testing, 10000 permutations were used.
Prior to analysis, the myctophid count data were Hellinger
transformed and converted to a Hellinger distance matrix
(Legendre and Gallagher, 2001). Geographic position data
(latitude and longitude) corresponding to each sample were
transformed to Cartesian coordinates using the “geoXY” function
in the SoDA package (Chambers, 2013), and the mesoscale
variables were scaled and centered using the “scale” function.
The overall relationship between the geographic distance and
the Hellinger distance between samples was examined using
Pearson’s correlation coefficient, and conducted separately for
each of the survey periods and depth strata examined.
The analyses were then conducted in the following sequence.
First, linear spatial trends in the myctophid data were identified
by testing the Cartesian coordinate data against the myctophid
data with the “rda” and “anova.cca” functions in the vegan
package (Oksanen et al., 2017). If a significant overall effect
of latitude or longitude was detected, the significant variable(s)
were identified by forward selection using the double-stopping
criterion described by Blanchet et al. (2008) and implemented in
the “forward.sel” function in the packfor package (Dray, 2013).
Any significant coordinate variable(s) were used to detrend the
myctophid data prior to any further analyses. Next, RDA and
forward selection were used to identify any significant effects of
mesoscale variables on the (detrended) myctophid data. Variance
inflation factor (VIF) scores were checked following RDA using
the “VIF” function, and any variables with a score > 5 (indicating
collinearity) were excluded and the model refitted.
To assess the spatial scales of variation within the data,
a geographic distance matrix was generated for all sample
locations by applying the Euclidean distance function “dist”
to their Cartesian coordinates. The dbMEM eigenfunctions
were generated from this distance matrix using the “PCNM”
function in the PCNM package (Dray et al., 2015), where
the truncation distance was set to the minimum distance
required to connect all locations within a minimum spanning
tree (here, c. 75–100 km). Moran’s I was used as the
measure of spatial autocorrelation, where positive values
indicate positive spatial autocorrelation and negative values
indicate negative spatial autocorrelation. Since identifying
positive spatial correlation was of most ecological interest,
only those eigenfunctions with positive Moran’s I values
were retained, and tested for overall significance using the
“anova.cca” function. If the overall test indicated significant
effects, forward selection was conducted as before. To
identify whether the groups covaried with the observed
mesoscale variables, the significant RDA axes from each group
were regressed against the mesoscale variables using linear
models (“lm” function).
Finally, variance partitioning was conducted with
respect to any significant linear trends, significant dbMEM
eigenfunctions, and significant mesoscale variables identified
during the previous analyses using the “varpart” function in
the vegan package.
As a complement to the spatial eigenfunction analyses,
local contribution to beta diversity (LCBD; Legendre and de
Caceres, 2013) scores were generated for each sample and used
to identify those samples where the assemblage composition
differed significantly from that of the mean assemblage. LCBD
scores were generated from the Hellinger distance matrix for
the myctophid data using the “LCBD.comp” function in the
adespatial package (Dray et al., 2016). The resulting p-values were
adjusted using the Holm correction for multiple comparisons.
Linear models (LMs) were fitted to identify whether LCBD
scores correlated with different environmental conditions or with
Hellinger-transformed abundances of particular species. In both
cases, term selection was conducted by backward selection using
AIC scores as the selection criterion. Variables were retained
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in the model if their exclusion resulted in the AIC score
increasing by ≥ 4.
RESULTS
Environmental Setting
The physical and chemical conditions varied over the course
of the sampling period, with temporal and spatial patterns
evident in the data (Figures 1, 2). SEPI were typically high
between January and June (January–June) with much lower
values recorded later in the year (August–September). The Chla
concentrations showed a similar pattern, suggesting that offshore
transport of coastal and riverine water occurred during late
summer 2011. The mean monthly SSHA maps indicate that a LCE
began to form in February–March 2011, but that the core of the
eddy remained south of the surveyed area during 2011. During
April–June 2011, SSHA strongly covaried with TUM and SEPI and
so was excluded from the analyses.
Community Analyses
A total of 20,953 myctophids from were collected from
302 non-empty net samples from the epipelagic (night) and
mesopelagic (day), representing 18.2% of the total number
of fishes captured in these depths (the numerically-dominant
gonostomatid, Cyclothone spp. comprised 50.1%). The dominant
taxa included in the analyses comprised 20,325 individuals from
22 species (Table 2), which represented c. 80% of all myctophids
captured during 2011 by number. Some temporal variation in the
rank order of the dominant species was observed through the
survey period (Table 2), though species composition otherwise
remained relatively consistent. All myctophids were adults, with
standard lengths ranging from 7–77 mm (epipelagic; night), and
7–99 mm (mesopelagic; day).
Epipelagic Depths (0–200 m; Night)
Between January and March 2011, the composition of
myctophids between 0 and 200 m was significantly correlated
with SEPI [R2 (adj.) = 0.11; p < 0.001]. A longitudinal trend
in the data was identified, but did not remain significant after
variance partitioning (Figure 3). No environmental variables
were significantly correlated with assemblage composition
between April and June (p = 0.07), though a latitudinal trend was
evident [R2 (adj.) = 0.05; p = 0.01]. In August and September,
myctophid assemblage composition was significantly correlated
with SSHA [R2 (adj.) = 0.04; p = 0.014] and Chla concentration
[R2 (adj.) = 0.03; p = 0.023]. Significant spatial patterning
(dbMEM: p = 0.0001) were also evident in the data (Figure 4A).
The first pattern (Axis 1) correlated significantly with SSHA
[p = 0.001; R2 (adj.) = 0.29]. Both dbMEM and environmental
variables remained significant following variance partitioning
(Figure 3). Pearson’s correlation between Hellinger and
geographic distances showed a significant positive relationship
between samples collected in August and September (Table 3),
indicating that samples at greater distances from each other were
less similar in terms of myctophid assemblage composition. No
other results were significant.
TABLE 2 | Percentage contribution to the total myctophid assemblage captured
during 2011 from each cruise series.
















































































































































































































‘–’ indicates those species that did not contribute more than 0.5% of the
combined myctophid fauna captured within the mesopelagic (day only) and
epipelagic (night only).
Upper Mesopelagic Depths (200–600 m;
Day)
Between January and March 2011, the composition of mycto-
phids between 200 and 600 m was significantly correlated with
both TUM [R2 (adj.) = 0.07; p = 0.01] and SSHA [R2 (adj.) = 0.06;
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FIGURE 3 | Venn diagrams showing the relative variance explained by significant environmental and spatial variables at (A) 0–200 m (Night); (B) 200–600 m (Day);
(C) 600–1000 m (Day).
p = 0.001]. Significant spatial patterning was evident in April–
June [dbMEM: R2 (adj.) = 0.11; p = 0.04; Figure 4B]. The finer-
scale pattern was significantly correlated with SEPI (p = 0.005) and
TUM (p = 0.002; overall adj. R2 = 0.33). In August and September,
myctophid assemblage composition was significantly correlated
with a latitudinal trend [R2 (adj.) = 0.05; p = 0.013], and with
SSHA [R2 (adj.) = 0.08; p = 0.012] and distance to the 200 m
isobath [R2 (adj.) = 0.06; p = 0.019]. A marginally significant
spatial pattern (dbMEM: p = 0.045) was also evident in the data
(Figure 4C), which correlated significantly with SSHA [p = 0.004,
R2 (adj.) = 0.28], Chla concentration (p = 0.040) and TUM
[p = 0.047; overall adj. R2 (adj.) = 0.27]. All dbMEM, latitudinal
trend and environmental variables remained significant following
variance partitioning (Figure 3). Pearson’s correlation between
Hellinger and geographic distances showed a significant positive
relationship between samples collected in August and September
(Table 3), indicating that samples at greater distances from
each other were less similar in terms of myctophid assemblage
composition. No other results were significant.
Lower Mesopelagic Depths (600–1000 m;
Day)
Myctophid assemblage composition in lower mesopelagic depths
were significantly correlated with latitude [R2 (adj.) = 0.13;
p < 0.001] between April and June, and with both latitude [R2
(adj.) = 0.055; p = 0.01] and longitude [R2 (adj.) = 0.095; p = 0.001]
in August and September (Figure 3). Pearson’s correlation
between Hellinger and geographic distances showed significant
relationships between samples collected in all survey periods,
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FIGURE 4 | dbMEMs showing significant correlation to myctophid assemblage composition following RDA in (A) 0–200 m (August–September); (B) 200–600 m
(April–June); (C) 200–600 m (August–September). In (A,B) two significant axes were identified; in (C) only a single significant axis was identified. Circle color and size
represents the values of the eigenvalues that model positive spatial correlation and indicate the scales of spatial patterning in the assemblage data.
TABLE 3 | Summary of the correlation between Hellinger distance (dissimilarity)




Survey period Depth stratum coefficient p-Value
January–March 2010 0–200 m 0.08 0.144
200–600 m −0.03 0.620
600–1000 m −0.29 <0.001
April–June 2010 0–200 m −0.03 0.489
200–600 m 0.06 0.198
600–1000 m 0.22 <0.001
August–September 2010 0–200 m 0.09 0.030
200–600 m 0.27 <0.001
600–1000 m 0.28 <0.001
with a negative correlation observed between January and March,
and positive correlations between April and September (Table 3).
No other results were significant.
Local Contribution to Beta Diversity (LCBD)
Local contribution to beta diversity scores indicated that
five samples from epipelagic depths, and four samples from
upper mesopelagic depths were significantly different to the
other samples within each survey period (Figure 5). One
additional sample from the upper mesopelagic was marginally
significant (p = 0.056). No samples from lower mesopelagic
depths were significantly different to the others (Figure 5).
LMs indicated that LCBD scores correlated negatively with
SSHA only (Supplementary Table 1). Samples with significantly
different LCBD scores occurred with SSHA was in the range
−0.37 and −0.13 m, compared with a range of −0.37 to
0.45 m for the remaining samples. LMs also indicated that high
LCBD scores were correlated with lower relative abundances of
the seven most abundant myctophid species, plus Notoscopelus
resplendens, Hygophum taaningi, and Lampanyctus lineatus
(Supplementary Table 2).
DISCUSSION
This study examined the spatial distributions of the myctophid
assemblage in the northern Gulf of Mexico over a 9-month period
in 2011 in relation to Loop Current origin water and a summer
plume of low-salinity coastal and riverine runoff. Overall, the
myctophid assemblage composition showed limited horizontal
structuring at the spatial and temporal scales considered,
suggesting that discrete, geographically maintained assemblages
are not maintained in the northern Gulf, and that the greater
assemblage can be treated as a single unit. The dbMEM and
RDA analyses indicated that environmental and spatial variables
together explained an average of 12% (range: 0–27%) of the
variance in the myctophid beta diversity (i.e., the variation in
assemblage composition between samples) over the 9-month
survey period, but that the significant environmental variables
and spatial patterns varied with both water depth and time of
year. We found no evidence to suggest that Loop Current eddies
contained a unique myctophid fauna compared to the rest of
the GoM. While relatively little is known about the biodiversity
patterns of mesopelagic fauna in general, these findings are
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FIGURE 5 | Local contribution to beta diversity (LCBD) scores of each sample, subdivided by depth band and cruise program. Red circles indicate samples that are
significantly different to the mean community; blue circles are samples that are not significantly different. The radii of the circles correspond to the LCBD scores. The
significance (with Holm correction) is indicated as: +p < 0.1; *p < 0.05; **p < 0.01.
similar to those reported in other oceans when examined at the
sub-ecoregion (sensu Spalding et al., 2007; Sutton et al., 2017)
level. For example, Olivar et al. (2016) determined that physical
and chemical variables explained only 10% of the variance in
myctophid composition across the Atlantic, Indian and Pacific
Oceans, with 17% of the variance explained by spatial variables.
Within the upper 600 m, the results suggested significant,
albeit weak, effects of variables associated with Loop Current
eddies and low-salinity coastal water between January and March,
and August and September. It is notable that the Loop Current
eddy-associated variables were not significant between April
and June, when the strongest Loop Current eddy conditions
occurred within the survey region (Figure 2). Higher LCBD
scores were associated with lower SSHA values, which can be
indicative of cyclonic eddies (Vukovich, 2007). As upwelling
features, cyclonic eddies would contain cooler water than the
surrounding Gulf Common Water however, which was not
evident from the TUW data. It may be that the discrepancy
reflects the temporal scales measured by each metric, where the
monthly-averaged SSHA could have provided an indication of
previous oceanographic conditions (or the formation of new
conditions) at each sample site that were not detected in situ,
but which nonetheless influenced faunal distributions enough
for a residual (or pre-emptive) effect to be detected. However,
given the relatively small number of samples (N = 9) identified as
having a significantly different faunal composition, it is possible
that these findings could simply reflect the patchy distributions
of micronekton in the water column (e.g., Benoit-Bird and Au,
2003) and further, targeted study of these features is needed.
In the lower mesopelagic zone (600–1000 m), patterns of
beta diversity were simpler and only significantly structured
by linear spatial gradients, which explained 10–13% of the
variation in species composition, though significant positive and
negative correlations between Hellinger distance and geographic
distance were identified in all samples collected from 600
to 1000 m. The LCBD analyses however suggested that the
myctophid assemblage below 600 m was homogeneous across
the northern GoM at the time of the study. Circulation patterns
within the GoM are believed to comprise of an upper layer
and a lower layer that become effectively decoupled from each
other at c. 800–1200 m depth (Hamilton and Lugo-Fernandez,
2001). While further work is needed, it is nonetheless possible
that the transition from an upper- to lower-level circulation
pattern may explain the different spatial patterns observed in
the lower mesopelagic samples compared to those collected
above 600 m, where the influence of Loop Current origin
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waters is strongest. Taken together, our findings indicate that
the myctophid assemblage within the upper 1000 m of the
GoM showed only weak horizontal structuring over the study
period at the spatial (75–700 km) and temporal (<3 months)
scales considered.
Significant broad-scale spatial structuring was identified
between April and September (0–600 m) that was not fully
explained by the measured environmental variables. While it
is important not to over-interpret the patterns observed from
a small number of dbMEMs (Legendre and Legendre, 2012),
there are several possible explanations that may account for
some of the observed spatial structuring, including unmeasured
or “historic” environmental conditions, or biotic and stochastic
processes that are not under environmental control (Legendre
and Legendre, 2012). Current speed and direction were not
included in the present study for example, but convergence
or divergence fronts could feasibly explain some additional
portion of the variance observed in the assemblage structure
by physically aggregating or dispersing the fauna, respectively
(Olson et al., 1994; Potier et al., 2014). Similarly, better
understanding of circulatory patterns in the deep GoM may also
provide insight into the spatial structuring of the micronekton
in lower mesopelagic and bathypelagic (>1000 m) depths. It
is also possible that the myctophid fauna were less affected
by their immediate conditions than by a set of conditions
that they encountered at some earlier point in time, leading
to detection of a residual effect. Biotic responses may include
inter-specific interactions such as competition for resources
(e.g., with other zooplanktivorous organisms (e.g., engraulid
fishes) that may be seasonally abundant), or predator-prey
relationships, which are likely to be important in structuring
mesopelagic assemblages at fine spatial (meters) and temporal
(minutes–hours) scales (Benoit-Bird and McManus, 2014;
Koslow et al., 2014). Alternatively, the observed differences
in rank dominance of myctophid species between sampling
campaigns may be indicative of underlying seasonal changes in
the myctophid assemblage related to their underlying population
dynamics for example.
One explanation for the weak horizontal structuring within
the myctophid assemblage is the high dispersal potential
of pelagic organisms. With few hard barriers to dispersal,
mobile pelagic organisms have relatively unrestricted access to
all parts of their environment (given sufficient time; Heino
et al., 2015). In a recent review, Gaither et al. (2016)
highlighted that most circumtropical fishes are pelagic and
deep-living (i.e., occurring below 200 m), with myctophids
comprising 17% of all known circumtropical species. Gaither
et al. (2016) suggested that highly dispersed taxa tended
to be those with highly mobile adult stages and which
are habitat generalists (or prefer widely-distributed habitats),
and that passive transport of planktonic pelagic species and
larvae by oceanic currents is also likely to promote dispersal
(Gaither et al., 2016; Allen et al., 2018). Both larval and
adult myctophids are pelagic, and while their small size may
preclude long-distance swimming, their ability to undertake
DVMs and onshore-offshore migrations (Benoit-Bird and Au,
2006) indicates that they are capable of actively choosing
favorable environmental conditions at scales of at least 100–
1000s m, and of tolerating a wide range of environmental
conditions associated with changing depth (e.g., temperature,
salinity, pressure, light levels).
Changing vertical distributions may also play an important
role in promoting horizontal dispersal. Ontogenetic changes
in vertical distributions are common amongst myctophids,
with many species having non-migratory, epipelagic larval
and juvenile stages, with adults moving into progressively
deeper waters as they age (e.g., Badcock and Merrett, 1976;
Gartner et al., 2008). Adult myctophids also typically perform
DVMs to feed and reproduce in the surface waters, but the
proportions of individuals migrating on a given day can be
highly variable (Watanabe et al., 1999) and may be influenced
by environmental (Badcock and Merrett, 1976; Linkowski, 1996;
Ekau et al., 2010; Drazen et al., 2011) or biotic (e.g., Angel
and Pugh, 2000) conditions. Additionally, since the speed
and direction of water currents in the upper 1000 m of the
GoM vary with depth (Jochens and DiMarco, 2008), vertically-
migrating species have the potential to be passively moved
relatively large horizontal distances, at different speeds and
in different directions depending on their preferred vertical
distribution at any given life-history stage. All these traits
could promote dispersal, and lead to a more homogeneous
assemblage than would be observed if species were structured
only by environmental variables (Heino et al., 2015), or if species
maintained geographic integrity via active station-keeping. In
a recent circumglobal study, Villarino et al. (2018) came to
a similar conclusion regarding the relative dispersal potential
of myctophid fishes, where passive drift was hypothesized to
dominate their distribution patterns at small sizes, with vertical
migration rather than horizontal movements dominating their
dispersal behaviors as adults.
While the results presented here indicate that myctophid
distributions are not directly driven by environmental parameters
at the scales studied, it is possible that some drivers may not be
detected by the methods used in this study. By using Hellinger
distances in the analyses, we implicitly define “assemblage
composition” as the relative abundance of species within a given
sample. Changes in the relative abundance species within samples
are accounted for, but differences in absolute abundance between
samples are not. In the GoM, Loop Current eddies have been
previously associated with a lower abundance and biomass of
pelagic fauna (if not explicitly myctophids; Zimmerman and
Biggs, 1999; Wells et al., 2017), but these differences would not
be detected by the methods used here, and will require further
study to quantify.
Assuming that high dispersal and mixing rates drive
myctophid assemblage distributions within the northern GoM,
it is possible to make some inferences about how offshore
assemblages may be impacted by stressors and disturbance
events. Within the GoM, such information is particularly useful
for understanding any potential impacts from the Deepwater
Horizon oil spill on the deep-pelagic fauna, given the lack of
pre-spill data for the region, and in predicting how offshore
ecosystems may be impacted by future spills. For example,
metacommunity theory suggests that assemblages with high
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dispersal rates are likely to be more resilient because individuals
can recolonize local areas rapidly after a disturbance event
(Heino, 2013). However, the extent to which “local areas” or
refugia might exist within the pelagic realm is unclear. Physical
and chemical boundaries (e.g., pycnoclines) may preclude the
mixing of spilled oil to some extent, but these are not hard
barriers to micronekton movements. If a disturbance is detectable
by the fauna, but not immediately lethal, mobile individuals may
be able to move away from the impacted area before it has a
major impact on their health. Such avoidance behavior has been
observed in mobile demersal fishes exposed to oil spills in other
regions (Elmgren et al., 1983; Law and Kelly, 2004), but it is
unclear how well micronekton would be able to actively avoid
impacted areas, particularly on the scale of DWHOS. In open
ecosystems like those in the pelagic realm, local or point-source
disturbances could have a greater footprint than they might in
more enclosed ecosystems. It is also possible that high dispersal
rates in a pelagic system could lead to increased rates of lethal
or sub-lethal exposure than would be expected in more static or
enclosed ecosystems, since a greater number of individuals could
move into (and out of) the disturbed area over the duration of the
event (Heino, 2013; Heino et al., 2015).
The present study makes use of an exceptionally large dataset
of deep-pelagic fishes, and provides the first spatially-explicit
analysis of myctophid beta diversity patterns in the GoM. While
these findings represent a snapshot view of the conditions and
fauna during a single year, they nonetheless provide novel
insights into how deep-pelagic biodiversity is structured and
provide support for the idea that myctophid assemblages are well-
mixed and highly dispersed. We anticipate that these findings
will provide a useful basis upon which to build further analyses
examining seasonal and inter-annual changes in the abundance
and biodiversity patterns of deep-pelagic fishes, as well as
further exploration of the importance of biotic interactions and
behavioral choices amongst the fauna. Given the importance
of myctophids in delivering vital ecosystem services such as
carbon sequestration from the surface ocean to depth, and as prey
for numerous commercially and ecologically important species
(e.g., St. John et al., 2016), we anticipate that these findings
will also provide valuable, necessary scientific data upon which
to build reliable offshore management strategies to protect the
functioning and resilience of deep-pelagic ecosystems.
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